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A Model for Diffusion in White Matter in the Brain
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ABSTRACT Diffusion of molecules in brain and other tissues is important in a wide range of biological processes and
measurements ranging from the delivery of drugs to diffusion-weighted magnetic resonance imaging. Diffusion tensor imaging
is a powerful noninvasive method to characterize neuronal tissue in the human brain in vivo. As a first step toward under-
standing the relationship between the measured macroscopic apparent diffusion tensor and underlying microscopic com-
partmental geometry and physical properties, we treat a white matter fascicle as an array of identical thick-walled cylindrical
tubes arranged periodically in a regular lattice and immersed in an outer medium. Both square and hexagonal arrays are
considered. The diffusing molecules may have different diffusion coefficients and concentrations (or densities) in different do-
mains, namely within the tubes’ inner core, membrane, myelin sheath, and within the outer medium. Analytical results are used
to explore the effects of a large range of microstructural and compositional parameters on the apparent diffusion tensor and
the degree of diffusion anisotropy, allowing the characterization of diffusion in normal physiological conditions as well as
changes occurring in development, disease, and aging. Implications for diffusion tensor imaging and for the possible in situ
estimation of microstructural parameters from diffusion-weighted MR data are discussed in the context of this modeling

framework.

INTRODUCTION

Nuclear magnetic resonance imaging (MRI) has demon-
strated that the diffusion coefficient of water in brain tissue
decreases quickly after stroke and other brain injuries by
~30-40% (1). The fact that diffusion effects can be visualized
within minutes, much earlier than any other imaging modality
(1,2), has life-saving implications (3). Diffusion tensor imag-
ing (DTI) (4) for noninvasive imaging of the fiber tracts in
white matter has become an indispensable tool for studying
the brain and managing stroke and other disorders such as
tumors, Alzheimer’s disease, multiple sclerosis, dyslexia,
and schizophrenia (4—7). A better exploitation of diffusion
MRI will come from a better understanding of diffusion in
tissues.

Biological tissues are multicompartmental heterogeneous
media composed of cellular and subcellular domains. Dif-
fusion of water is very sensitive to the local environment in
tissues, and is affected by the packing geometry of the cells
and their membrane permeability that controls the exchange
of molecules across the membranes (8,9). The cellular struc-
tures of tissues are in the micron range whereas conductivity
and diffusion measurements are generally made over a macro-
scopic length scale, typically in the millimeter range (5,10,
11). The measured signal originates from all the molecules
that are present, i.e., both from the molecules diffusing
within the cells and the molecules exchanging between these
microcompartments. The term apparent diffusion coefficient
(ADC) was coined to reflect the fact that the measured
diffusion coefficient of water in tissues is reduced from its
bulk value due to geometrical restrictions and permeation
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across cell membranes. A change in the measured macro-
scopic transport properties (in millimeter range) reflects the
underlying property changes of these compartments.

The primary purpose of this article is to provide analytical
results for the long-time ADC (actually apparent diffusion
tensor (ADT)) in a simplified model of brain white matter, to
probe the dependencies of the ADT on tissue structure and
composition. In principle, the diffusion coefficient in indi-
vidual compartments, packing geometry, intercellular spacing,
axon diameter, myelin sheath thickness, and permeability of
membranes should all affect the measured apparent diffusion
coefficient ADC, yet the relationship between these micro-
structural quantities and parameters, and the macroscopic
ADC remains obscure. This gap has hindered the full ex-
ploitation of diffusion-weighted nuclear-magnetic-resonance-
based techniques (NMR) for studying the brain and its
disorders. Specifically, we compute the macroscopic diffu-
sion coefficient both parallel and perpendicular to the axis of
symmetry of a neuronal bundle and relate these quantities to
microstructure and compositional parameters.

Water diffusion in tissue has been studied previously both
analytically and numerically by many and it is not possible to
review the literature here. Some relevant references can be
found in Nicholson (10), Sotak (12), Norris (13), Beaulieu
(14), and other articles (8,15-26). Szafer et al. (19) considered
a periodic array of boxes (cells) surrounded by partially per-
meable membranes, embedded in an extracellular medium.
The fact that intracellular and extracellular diffusion coef-
ficients may differ was taken into account. The results were
applied to the changes occurring in ADC after ischemic
insults to brain tissue. They found that although membranes
affect ADC significantly, the change results from the
combined effect of changes in cellular volume fraction,
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and extracellular and intracellular diffusion. Ford et al.
(17,18) modeled white matter as a bundle of cylinders and
used a numerical simulation of water self-diffusion among
permeable cylinders to predict the dependence of MR-based
apparent diffusion coefficients on axonal separation, barrier
permeability, and diffusion time ¢. Recently, Hwang et al.
(27) employed the finite-difference method on histological
images for simulating restricted diffusion in myelinated
axons. The literature had been reviewed well by Hwang et al.
(27), who stated that the thickness of the myelin sheath had
been ignored in all studies before theirs. They (27) validated
their finite-difference scheme against known analytic solu-
tions for diffusion in a cylindrical pore and in a hexagonal
array of cylinders that do not possess thick skins. Spe-
cifically, Hwang et al. compared their simulation for cases:
a), of a cylindrical pore surrounded by an impermeable
medium, and b), hexagonal arrays of permeable cylinders
using the results of Perrins et al. (28,29) for uncoated cylinders.
Presumably, such numerical studies would benefit from the
solutions provided here in which analytical results for the
thick-walled tube pack are provided. Here, among other
things, we present results for hexagonal packs of coated
cylinders that could serve as a test system to validate such
numerical calculations.

Anatomical sections of white matter reveal that the myelin
sheath on neurons is thick; see Fig. 1. To model myelin, we
incorporate a finite coating thickness having transport prop-
erties represented by its fluid concentration and diffusion
coefficient. The limit of infinitesimal layer thickness is just a
special case, characterized by a lumped permeability param-
eter, k. In our study we consider composite cylinders with an
inner core of radius . and an outer radius r¢ such that the
thickness r; — r. of the sheath can vary. The separation
between the centers of cylinders is L. In the model, we treat
the myelin and membrane as a composite and the perme-
ability is determined by the combined effect of the mem-
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FIGURE 1 A schematic diagram of a myelinated axon. The axonal
membrane contains short active regions, nodes of Ranvier, which are joined
by long passive segments insulated by myelin. The outer radius of the axon
is r; its inner radius r.. Diffusion across myelin is hindered by layers of lipid
bilayers (in addition to the myelin sheath). A separate membrane skin can be
added to our calculation, but is not considered here. In the model, we treat
the myelin and membrane as a composite and the permeability is determined
by the combined effect of the membrane and the myelin sheath.
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brane and the myelin sheath. The myelinated axon is actually
a heterogeneous structure having long myelinated links
interrupted by short nodes of Ranvier; see Fig. 1. Both these
segments contribute significantly to the electrical properties
of the myelinated axon, and are presumed to do the same for
the water diffusion properties. None of the previous works
described above nor our work, adequately attributes the
overall water diffusion properties to the nodal membrane,
membrane of the myelinated axon, or the myelin itself.

Clearly, the parameter space is too large to explore com-
pletely using numerical simulations. In this case, analytical
expressions for the parallel and perpendicular ADCs, ADT,
and other related quantities, are useful in assessing whether
some variables are more important than others in determin-
ing the aggregate diffusion behavior within a biological range
of parameters. This we illustrate by performing a sensitivity
analysis that computes a fractional change in a macroscopic
dependent variable for a given fractional change in an in-
dependent variable or parameter.

GENERAL FORMULATION

Analysis of transport processes, such as diffusion, electrical
conduction, heat transfer, etc., in composite media is a large
and well-developed subject (30,31). Interestingly, the sim-
ilarity in structure and form of their governing equations
allows solutions for one type of transport process to be
mapped to another, provided that the analogous variables in
the constitutive equations can be identified (30,31). In the
case of diffusion, what is often neglected is that the relevant
constitutive parameter—that can be likened to electrical con-
ductivity or the dielectric constant—is the product of the con-
centration and the diffusion coefficient (32,33). This extra
factor of concentration comes from the thermodynamic
formulation of the diffusion process, discussed below.
Many methods are available for measuring the diffusion
coefficient (34). The results derived here can readily be used
to analyze a diffusion experiment that measures concentra-
tion directly, by releasing a precise amount of a nonabsorbing
marker (10) from a point source and measuring the resulting
concentration at a known distance, or by use of other markers
such as tritium or fluorescent dyes (34). In NMR measure-
ments, the diffusion is measured from the part of the signal
decay that is due to incoherent diffusive motion in the pres-
ence of an external magnetic field inhomogeneity. How-
ever, it is generally entangled with relaxation of magnetization
(T1, T»). The relaxation processes of a given spin (typically
proton) that arise from the fluctuating field of the other spins
are important, and can be different in different regions in
general (22). However, for long diffusion times, the relaxa-
tion appears to be single exponential (22). Chin et al. (35)
concluded that for white matter, the overall relaxation is
given by a single exponential (at long times), the sensitivity
of measured ADC to relaxation is small, and the difference in
rate of relaxation in different compartments can be neglected
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(17,18,35). Thus, the overall relaxation of magnetization is
factored out and the steady state (i.e., long times) diffusion
coefficient in these tissues can be measured by NMR.

Diffusion currents are driven by gradients in the Gibbs
chemical potential,

w=p'+RTInC+RTIna. (1)

Here R is the gas constant, T is the temperature, C is the
concentration of the substance that is diffusing, a is the
activity coefficient, and u° is the chemical potential of
the substance in its standard state. A thermodynamic view of
diffusion and a discussion of how the gradient of chemical
potential acts like a force can be found in any standard thermo-
dynamics book (36). The variable u” is independent of posi-
tion; we will assume either the substance is ideal (In a = 0)
or In a does not vary with position, and the temperature is
uniform throughout. To be explicit, the particle current
density is given by the constitutive relation

jr) = -2

= —DVC(r). )

We use the analogy of Eq. 2 and the corresponding
constitutive relations between electric currents (displacement
or conduction) and electric potential gradient via dielectric
constant or electrical conductivity. We can apply the
solutions for electrical conductivity or dielectric constants
for composite media made up of coated cylinders (37,38)
(for spheres, see Torquato and Rintoul (39)) by replacing the
electrical potential, V(r, 6), by a chemical potential, w(r, 8) =
w’ + RT In [C(r, 0)], (we lump position-independent R T
In a with u°). For the corresponding diffusion problem,
the conductivities or dielectric constants of each region are
replaced by the product of the diffusion coefficient and the
concentration of the corresponding region. There are other
terms in the chemical potential that are not displayed here
explicitly—the initial equilibrium concentration differences
in different regions are maintained by such differences in
chemical potentials for the corresponding regions. Here, as
in the other transport problems, we need to consider per-
turbations around the initial chemical potentials (36,33).

The additional factor of concentration plays an important
role in the tortuosity factor of the effective diffusion coef-
ficient (32,40). In a well-connected porous medium made up
of impenetrable grains, the measured diffusion coefficient,
D, of the interstitial fluid approaches, at long times, a nonzero
finite value, that is the bulk diffusion coefficient, D, reduced
by a geometrical factor, known as the tortuosity «. For an
isotropic medium,

="

D 3)

The coefficient « is a dimensionless number that defines
the dc limit of diffusion and conductivity in a restrictive
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geometry in terms of diffusion and conductivity of the bulk
fluid, Eq. 4, below. The tortuosity plays an important role in
various transport processes in porous media. In porous media
made of insulating grains, the conductivity of the medium o
is proportional to the conductivity of the interstitial fluid o,
through a geometrical factor F, which also relates to & = F¢,
where ¢ is the porosity, i.e., the volume fraction of fluid,
gy DO
TTF T T

o o

“)

The extra factor of ¢ for D, in Eq. 4, comes from the fact
that concentration enters into a transport problem involving
diffusion (32) and not one involving electrical conduction.
We use the symbol ¢ to be consistent with the literature and to
draw attention to a basic difference between ¢ and the cor-
responding volume fraction of extra axonal fluid in our model,
1 — £, where fis the fraction of volume occupied by the coated
cylinders. Note that in Eq. 4, the only conducting phase is the
interstitial fluid, in contrast to the case of white matter where
the intraaxonal fluid may also be conducting. The details of
the computation of the effective diffusion coefficient for
packs of coated cylinders are discussed in Appendix I.

We use a subscript ¢ to denote the core, s to denote the
sheath, and b to denote extraaxonal (bath) material; see Fig.
2. The equilibrium concentration and diffusion coefficients
of the molecules under investigation inside the core are C.q
and D, those inside the myelin sheath are Cyo and Dy, and
those outside are Cyy and Dy,. We will use C.(r), etc., to
denote perturbations to the corresponding equilibrium con-
centrations C, etc. (33). The perturbations are due to an
externally imposed concentration or chemical potential gra-
dient, which can be likened to an electric field, E.,;, that is
used in the corresponding problem of electrical conductivity
or dielectric constant of composite media (28,37,38). Dy, the
diffusion in the extraaxonal bath is hindered, due to the

FIGURE 2 The unit cell for a square array of coated cylinders repre-
senting white matter with a myelin sheath. The equilibrium concentrations
such as Cy, etc., and corresponding diffusion coefficients Dy, etc., of each
region as well as the inner and outer radii, r., and r;, respectively, can be
different. The cylinders can be made to touch each other by taking rs—L/2.
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presence of glial cells and other tissues, and is presumably
lower that the free diffusivity of water. We believe that the
presence of glia in the extracellular space is consistent with
an isotropic medium with a diffusion coefficient that is lower
than that of free water.

We will consider both a square pack, Fig. 2, and a hexag-
onal pack of cylinders, Fig. 3. In both cases, the cylinder
centers are separated by a distance L, the radius of the inner
cylinder is r., and that of the outer is rg, and thus the sheath
thickness is given by At = ry — r.. Only the ratios of these
lengths will appear in the answer. We do not expect to be
able to infer the packing geometry from DTI experiments.
We use the hexagonal geometry because the square lattice
arrangements do not admit the high packing densities con-
sistent with what has been reported in axon bundles in vivo
(10). The hexagonal packing geometry permits regular but
higher packing densities. The square lattice packing geom-
etries are included for completeness.

The boundary conditions are such that chemical potentials
and normal particle currents are continuous at the interfaces:

w0 =t r=n
() = iy (r) r=r
p2cr) _ SC() — ®)
c?) 'E) _
b, on on )

Mathematical details are considered in Appendix L. If we
denote the products of concentration and diffusion by €, i.e.,
CyoDs = €, etc., we can directly use the previous results
(28,29,37,38), to compute the effective concentration times
the effective transverse diffusion coefficient Ceg D ofr. Here,
the effective concentration C.g is:

FIGURE 3 Nearest neighbors around the central cylinder of a portion of
a hexagonal array of coated cylinders. To simplify, only one cylinder is
depicted as coated, and only the outer radius is shown for the others. The
Wigner-Seitz cell is shown by dashed lines (inner hexagon). Centers of
cylinders are separated by a distance L, hence f = (2/+/3)(wr2/L?), where
1, is the outer radius.
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2 2
r r
Ceff = (1 _f)CbO +fr—CZCC0 +f (1 - ’—C2> Cso- (7)

The effective properties for coated cylinders depend on
what Nicorovici et al. (37,38) call vy, the crucial quantity:
(6n — €)(& — )2V + (& + €,) (e + €)r7* Y
(e +€) (€, — ec)rf(ZH) + (ep — €) (€. + €))7 ey

®)

The longitudinal effective diffusion coefficient D) is
given by the volume averages:

Ya-1 =

2 2
v T
Dl.effceff = (1 _f)Dbeo +f’f§DcCc0 +f<1 - r;)DsCSO7

| ©)

for all packing geometries.

Before giving results for transverse diffusion coefficients
for a specific packing geometry, a few general comments that
hold for all packing geometries are useful. A reasonable mea-
sure of diffusion anisotropy can be given by the ratio D o/
D, ¢, which can be obtained from the ratio of Egs. 9 and 27.
Note that this ratio is independent of C.¢. Moreover, using
the longitudinal and transverse ADCs, we can obtain an esti-
mate for the angular profile of ADC as a function of the polar
angle, 0,

ADC i = Do c0s” 0 + Dy sin” 6. (10)

This relationship, first introduced by Boss and Stejskal
(41) results in a peanut- or pumpkin-shaped ADC profile when
plotted versus the polar angle, 6. A rotationally invariant
quantity that is proportional to the orientationally averaged
bulk diffusivity is the trace of the diffusion tensor

Tl‘ace(D) = Dl‘eff + 2D[,eff = 3<ADC> (11)

(ADC), the mean apparent diffusion coefficient, and the
degree of anisotropy, are two very useful parameters rou-
tinely used in characterizing white matter.

In square (see Fig. 2) and hexagonally symmetric packs
(see Fig. 3), the symmetry dictates (42) that the diffusion
tensor be described by two principal diffusivities—one par-
allel to the axis of the cylinders and another perpendicular to
it, lying in the transverse plane (i.e., diffusion is isotropic in
the transverse plane and two transverse components of the
tensor are identical). The form of the ADT in the principal
frame of reference is given by

Dier 0 0
ADT=| 0 D. 0 |. (12)
O 0 DL,eff

Square array

For a square array, f = r2/L* is the fraction of volume
occupied by the coated cylinders. As explained in Appendix
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I, to the lowest order in multipolar expansion, we obtain the
Maxwell-Garnett formula:

2
DusCar = DiCa 1= F . (13)
A truncation to third order gives (37,38),
. 0.305828f"
D, otCett = DyCo| 1 — 2f (71 +f - f Y5 g) .
v5Ys — 1.402960f
(14)

The higher-order corrections can be obtained in the manner
outlined in Appendix I.

Hexagonal array

Although for the square lattice geometry, the maximum

value of fis /4 ~ 0.785, published values of the intra-

cellular space based on iontophoretic measurements are typi-

cally higher, ~0.82 (10). To treat the physiological range of

axon spacing, we must consider hexagonal (and possibly

other) packing geometries that afford higher packing densities.
For a hexagonal array,

2
7

27,

f= 5

Thus, the maximum packing density is about f = 0.907.

To the lowest order in multipolar expansion, we obtain again

the Maxwell-Garnett formula, Eq. 13, the same as that for a

square array. In fact, the Maxwell-Garnett formula holds for

all structures, including disordered systems and is accurate

for small £, i.e., in the dilute limit. Next to the same degree of
accuracy as in Eq. 14 gives:

(15)

0.07542f° y, ) 1
vs v, — 1.06028 %) |
(16)

D, Cet = DpyCo |1 —2f (’)’1 +f=

In the absence of a sheath, Eq. 24 holds, and we recover
Eq. 13 of Perrins et al.

SPECIAL CASES

Although the formulas given here are straightforward, they
are still quite complex, and it is useful to consider a few
limiting cases that give additional insight. For example,
when the diffusivity of the molecules in myelin is extremely
small compared to those of the intra- or extraaxonal fluid, the
contributions from the interior part of the axon will be
‘‘screened out’’, as shown below.

Thin myelin: permeability approximation

In the usual permeability approximation, the limit of thin
skin is used where At = ry — 1. =0 with Dg/(At) — k, giv-
ing rise to a jump condition:
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OC, (1) 9C.(r) C(r;) — Cy(r.)
D =D, . =D ———
on on I At
—k[C,(r,) — Cy(r.)]. (17
Now we can see that Eq. 8 gives, with Ar—0,
+ €.
Yoo (18)
€p — €Ec21-1
where
1 2-1 1
= +—. 19)
EC,K,ZI—I reK €.

All the results for longitudinal and transverse diffusion
coefficients are easily generalized for the thin myelin case
using Eq. 18 instead of the full Eq. 8.

Nearly impermeable myelin

Because a thick myelin sheath is nearly impermeable, and
acts as a diffusion barrier, we expand the factor v, _; in Eq. 8
in a series (DSCS())/(Dbe()),

, 41-2 , 41-2
+ (== + (=
DSCSO ! (I’S> DSCSO ! (FS)

= - <1,
Dbe() 1 B E 41-2 Dbe() 1 B ’_C 41-2
rS rS

to the linear order in (DCyy)/(DypChryp)-

All the results for longitudinal and transverse diffusion
coefficients are easily generalized for the nearly imperme-
able myelin case by using Eq. 20 instead of the full Eq. 8.
Note that Eq. 20 does not depend on properties of the core.
This is intuitively obvious; when the diffusivity in the sheath
is practically zero, it acts as a barrier so that Dy .qCegr iS
dominated by diffusion outside the sheath and the core con-
tribution drops out (is shielded out). In the electrical problem,
this limit corresponds to an array of insulating cylinders with
v21—1 = 1 and the effective conductivity is given by that of
the extraaxonal fluid reduced by a formation factor de-
termined completely by the geometrical structure factors
{S,1_1} and by f. Similarly, for diffusion, cellularity (i.e., the
factor f and the geometrical structure factors Sy, ) determines
Dy ¢fCetr. Thus, the core properties drop out (in the lowest
approximation); however, the effective concentration Ceg
involves the properties of the core.

In the extreme limit, when C. D, = C; D = 0, all transport
comes from the bath molecules—but they have a tortuous path
to follow in the transverse direction. The Maxwell-Garnett
form for transverse diffusivity is Dy ¢ = Dp/(1 + f), whereas
D, .¢r = Dy, Note that for the case of electrical conductivity,
the volume fraction of the conductive material will enter the
expression for the longitudinal conductivity, but not for
D) cfr, due to the additional concentration factor mentioned
earlier. In this approximation we can write the tortuosity

Yo —1+2

(20)
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tensor (we use a caret to distinguish it from the scalar
counterpart) as

1 0 O
C,K\Malxwell-Ga\mett = 0 ILJrf O (21)
0 O ﬁ
To be explicit,
1 0 O
ADTMaxwell-Gamen = Db 0 %ﬂ‘ O (22)
0 O ﬁ

Similarly, for insulating cylinders of volume fraction fim-
mersed in a bath of conductivity o, having a volume fraction
¢ =1 — £, the overall conductivity tensor is

¢ 0 0
¢
O Maxwell-Garnett — O'w O m 2 . (23)
0 0 3%
No myelin

The results from Rayleigh (28) and Perrins (29) of uncoated
cylinders can be used in this case. To be explicit if 7. — 7 or
€. — €, the myelin sheath is effectively absent:

(ep +€)

Y1 ( (24)

€ — €)

All the results for longitudinal and transverse diffusion
coefficients are easily generalized for the nonmyelin case
using Eq. 24 instead of the full Eq. 8.

The diffusion tensor can still be anisotropic, even in the
absence of a myelin sheath. Let us illustrate this using the
lowest order of the Maxwell-Garnett form, Eq. 13, for trans-
verse diffusivity:

Dyt

ﬂf
(CoDy(1 —f) + CeDef)(Ce De(1 — f) + Co Dy(1 +£))
CoDy(CoDy(1 — f) + C.D.(1 +£)) '

(25)

Note that in Eq. 25 above, the system will be anisotropic
even when Dy, = D, but Cy, # C; the anisotropy vanishes
only when Cy, D, = C. D..

That there can be anisotropy even in the absence of a myelin
sheath (and membrane) is obvious, although, as Beaulieu
(14) notes, there is much confusion in the literature. To
understand the anisotropy in absence of a sheath or mem-
brane, consider, for example, the case when cylinders with
high values of C. D, (containing highly diffusive molecules)
are inserted in a bath with small values of C}, Dy, (containing
poorly diffusive molecules). The longitudinal transport, mainly
dominated by the cylinders, can be high; whereas the trans-
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port perpendicular to the cylinder axes will be low, as the
molecules within the cylinders have to diffuse through the
bath in the transverse direction but not in the longitudinal
direction. This phenomenon can be likened to resistors in
series (transverse direction) and resistors in parallel. Recall
that in our model, the sheath is a composite of membrane and
myelin. Even without a membrane or myelin, one can ob-
serve anisotropy as long as the bundles are aligned and have
different diffusivity from the ‘‘bath’’ material.

It is obvious how to incorporate terms involving higher
powers in f, and refine the above formulas for effective dif-
fusion or conductivity. We do not pursue that here because
our main point is that the presence of the myelin sheath is
not essential to cause the anisotropy in diffusion or conduc-
tivity.

RESULTS AND DISCUSSIONS

Analytical solutions for the ADT and quantities derived from
it, such as the mean ADC, (ADC), and the degree of diffusion
anisotropy, can be used to explore the effects of small changes
in model parameters associated with normal conditions as
well as a number of developmental and disease processes
known to affect myelinated axon structure and function. For
a particular set of assumed parameters, we can assess the
relative importance of each microstructural parameter by
computing the fractional change in the (ADC) or degree of
diffusion anisotropy for a unit fractional change in a param-
eter of interest. This result provides us with a way to compare
the relative importance of different independent experimen-
tal parameters in the model. We can also consider the effect
of changes in these different parameters on the (ADC) and
anisotropy ratio for tissue swelling accompanying vasogenic
edema (increasing L) or deswelling (decreasing L) accom-
panying hydrocephalus. We can consider the effect of redis-
tribution of fluid from the extracellular to intracellular space
that occurs in acute stroke or cytotoxic edema (decreasing L,
increasing r. and r;). We can also consider the effects of
myelination occurring in normal development (increasing
rs), or dysmyelination (decreasing D) and demyelination
(decreasing ry) that occur in diseases like leukodystrophy and
multiple sclerosis, respectively.

For comparing the relative importance of different inde-
pendent experimental parameters, it is useful to choose pa-
rameters that are representative of white matter in the central
nervous system (CNS), and then consider perturbations in
these parameters associated with various developmental and
disease states. For the analysis of sensitivity to perturbations,
we assume the initial values for diffusion coefficients and
concentrations, as we do not know their exact values. These
assumed numbers are either based on values known for other
cells, such as erythrocyte (33), or based on reasonable guess.
The sensitivity of measured diffusion to the changes in un-
derlying parameters, rather than their actual values, is what
we wish to emphasize.



A Model for Diffusion in White Matter in the Brain

TABLE 1
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Square pack: sensitivity function for (ADC), the mean ADC (top row) 9 In((2D,e¢t + Dy e#)/3) / @ In X with corresponding
parameter X values (bottom rows) for normal situations and various physiologically or clinically relevant perturbations

Dy D, Dy Cro Ceo Cyo L Te Ts f (ADC)/D,,
Normal 0.71 0.20 0.080 0.39 -0.22 -0.17 6.29 0.21 —6.51 -3.15 0.18
20 7.5 0.3 0.95 0.88 0.5 17.66 6.0 8.57 0.74 -
Vasogenic edema 0.80 0.14 0.06 0.40 —0.23 —0.16 391 0.081 -3.99 —1.96 0.22
20 7.5 0.3 0.95 0.88 0.5 18.56 6.0 8.57 0.67 -
Hydrocephalus 0.65 0.25 0.099 0.36 —0.20 —0.16 8.33 0.32 —8.65 —4.66 0.14
20 7.5 0.3 0.95 0.88 0.5 17.31 6.0 8.57 0.78 -
Cytotoxic edema 0.52 0.33 0.15 0.26 -0.27 0.004 7.45 0.88 —0.88 —3.72 0.16
20 7.5 0.3 0.95 0.88 0.5 17.20 7.2 8.57 0.78 -
Demyelination 0.97 0.06 —0.03 0.20 —0.26 0.05 0.67 —0.07 —0.59 —2.64 0.47
20 7.5 0.3 0.95 0.88 0.5 17.66 6.0 4.28 0.74 -
Dysmyelination 0.41 0.28 0.31 0.12 -0.17 0.04 4.20 0.38 —4.59 -2.1 0.24
20 7.5 3.0 0.95 0.88 0.5 17.20 6.0 8.57 0.78 -

The last column gives the (ADC) normalized wrt that of water. Concentrations are with respect to unit molarity of bulk water, lengths are in micrometers, and

diffusion coefficients are in units of 10~ "°m%/s.

Specifically, we perform a sensitivity analysis on the mean
(ADC) and the anisotropy ratio with respect to variations in
microstructural dimensions and compositional parameters.
The results are qualitatively similar for both packing geom-
etries and are provided in Tables 1 and 2 for the square
packing geometry, and in Tables 3 and 4 for the hexagonal
packing geometry. In the case of the normal myelinated
axon, as well as for vasogenic edema, hydrocephalus, cyto-
toxic edema, and dysmyelination cases, the microstructural
parameters whose effects are most pronounced are L (axon
spacing), r (outer radius of the axon), and f (volume fraction
of axons). The observed fractional change in both the (ADC)
and the anisotropy ratio for a unit fractional change in these
parameters is significant, and an order of magnitude larger
than for the other independent parameters in the model. This
result is reasonable, because the intraaxonal region is largely
screened out due to the use of conservative values of myelin
and bath dimension, intraaxonal diffusivities, and water
concentrations, so that the behavior of (ADC) and the de-

gree of anisotropy are dominated by the extraaxonal dimen-
sions.

Many studies suggest the existence of diffusion anisotropy
in white matter before the appearance of myelin (14,43-45).
To address this issue, we can use Eq. 25 above to assess
whether diffusion anisotropy can be expected in a bundle of
unmyelinated axons.

When present, myelin is the major barrier to diffusion and
the cause of anisotropy. In normal white matter develop-
ment, the thickness of the myelin sheath increases. We can
recapitulate this process heuristically by considering the case
where the normalized thickness of the myelin sheath, (ry —
re)lre, grows from zero to a finite value (~0.5), which is
somewhat larger than that reported histologically by Rushton
(46). Fig. 4 shows the mean {ADC) as a function of the radius
of the myelin sheath. As myelin thickness increases, the mean
ADC progressively drops, which is in qualitative agreement
with findings by Neil et al. (43). In Fig. 5, the anisotropy
ratio is plotted versus the radius of the myelin sheath. Some

TABLE 2 Square pack: sensitivity function for anisotropy (top row) 9 IN(D,et/Dies) / d In X with corresponding parameter X

values (bottom rows) for normal situations and various deviations

Dy, D, Dy Cro Ceo Cyo L Te Ts f Anisotropy
Normal —-0.12 0.31 —0.19 —0.12 0.31 —0.19 -9.61 0.14 9.46 4.80 3.23
20 7.5 0.3 0.95 0.88 0.5 17.66 6.0 8.57 0.74 -
Vasogenic edema —0.14 0.25 —0.11 —0.14 0.25 —0.11 —4.14 0.21 393 2.07 2.37
20 7.5 0.3 0.95 0.88 0.5 19.94 6.0 8.57 0.67 -
Hydrocephalus —0.07 0.34 —0.28 —0.07 0.347 —0.28 —16.57 0.003 16.57 10.44 4.68
20 7.5 0.3 0.95 0.88 0.5 17.3 6.0 8.57 0.78 -
Cytotoxic edema 0.03 0.41 —0.44 0.028 0.41 —0.44 —15.32 —1.53 1.53 7.66 4.18
20 7.5 0.3 0.95 0.88 0.5 17.20 7.2 8.57 0.78 -
Demyelination —0.18 0.13 0.053 —0.18 0.13 0.05 -0.73 0.099 0.63 30.13 1.43
20 7.5 0.6 0.95 0.88 0.5 17.66 6.0 4.28 0.74 -
Dysmyelination 0.30 0.12 —0.42 0.30 0.12 —-0.42 —2.85 —0.44 3.29 1.43 1.68
20 7.5 3.0 0.95 0.88 0.5 17.20 6.0 8.57 0.78 -

The last column gives the anisotropy for the case considered. Concentrations are with respect to unit molarity of bulk water, lengths are in micrometers, and
diffusion coefficients are in units of 107'Om2/s.
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TABLE 3 Hexagonal pack: sensitivity function for (ADC), the mean ADC (top row) 9 In((2D; et + D e)/3) / @ In X with corresponding
parameter X values (bottom rows) for normal situations and various physiologically or clinically relevant perturbations

Dy, D, Dy Cro Ceo Cso L Te Ts I (ADC)/D,,
Normal 0.69 0.24 0.077 0.43 —0.23 —0.20 5.53 0.23 —=5.77 —2.77 0.17
20 7.5 0.3 0.95 0.88 0.5 18.25 6.0 8.57 0.8 -
Vasogenic edema 0.82 0.13 0.048 0.41 —0.24 —-0.17 3.06 0.046 =3.11 —1.53 0.24
20 7.5 0.3 0.95 0.88 0.5 19.94 6.0 8.57 0.67 -
Hydrocephalus 0.59 0.31 0.10 0.39 —0.19 —-0.209 7.66 0.39 —8.05 —3.83 0.14
20 7.5 0.3 0.95 0.88 0.5 17.71 6.0 8.57 0.85 -
Cytotoxic edema 0.49 0.38 0.13 0.31 —0.28 —0.24 6.14 0.86 —0.86 —3.07 0.15
20 75 0.3 0.95 0.88 0.5 17.71 7.2 8.57 0.85 -
Demyelination 0.97 0.06 —0.03 0.21 —0.27 0.06 0.70 —0.08 —0.62 —1.83 0.46
20 7.5 0.6 0.95 0.88 0.5 18.48 6.0 4.28 0.78 -
Dysmyelination 0.47 0.27 0.26 0.21 —0.20 —0.01 3.23 0.30 —3.53 —1.62 0.25
20 7.5 3.0 0.95 0.88 0.5 18.25 6.0 8.57 0.8 -

The last column gives the (ADC) normalized wrt that of water. Concentrations are with respect to unit molarity of bulk water, lengths are in micrometers, and

diffusion coefficients are in units of 10~ '°m%/s.

diffusion anisotropy is observed when no myelin is present,
but the fact that anisotropy increases with increasing myelin
thickness supports the hypothesis that, although not the only
determinant of diffusion anisotropy in white matter, myelin
significantly contributes to it (14). Recall, in the model, we
treat the myelin and membrane as a composite and the per-
meability is determined by the combined effect of the mem-
brane and the myelin sheath.

Fig. 6 shows the orientational ADC profile (41) using the
parameters for normal tissue, computed using the formula
given in Eq. 40. Some features of microstructure can be
gleaned from this figure. First, the narrow wasp waist of this
peanut is indicative of a very low effective diffusivity in the
transverse direction. The anisotropy ratio can be estimated
from this construction. However, it not clear, from the form
of Eq. 40 and the shape of this profile, how to relate ADC to
the numerous microstructural, compositional, and physical
parameters that characterize even this simplified model of
white matter. We view these diffusion peanuts as glyphs that

summarize gross features of the diffusion process, but do not
provide insight into tissue microstructure, composition, or
physical properties therein.

One advantage of formulating this model of diffusion in
a pack of axons, is that some of the results can be applied to
other transport processes occurring in white matter. For
instance, the diffusion tensor data obtained in a DTI exper-
iment can be scaled to describe the electrical conductivity
tensor required to calculate electric field and current density
distributions (6). This is particularly important in developing
a realistic electrical model of the brain in EEG (11) and in
magnetic stimulation (47) applications.

Next we wish to comment on how our calculations relate
to DTL In these measurements, in one way or another, there
is an attenuation in the measured magnetization due to ran-
dom phases the spins acquire during their Brownian dif-
fusive motion. In the lowest order of approximation, the
attenuation exponent depends on the mean-square displace-
ment. Here we have considered only the long-time limit of

TABLE 4 Hexagonal pack: sensitivity function for anisotropy (top row) 0 IN(D, es/D;ets) / @ In X with corresponding parameter
X values (bottom rows) for normal situations and various physiologically or clinically relevant perturbations

Dy, D, Dy Cro Ceo Cyo L Te T f Anisotropy
Normal —0.23 0.39 —0.16 —-0.23 0.39 —0.16 —-5.27 0.35 4.92 2.64 2.77
20 7.5 0.3 0.95 0.88 0.5 18.25 6.0 8.57 3 0.8 -
Vasogenic edema —0.16 0.25 —0.09 —0.16 0.25 —0.09 —-2.13 0.27 1.86 1.06 2.07
20 7.5 0.3 0.95 0.88 0.5 19.94 6.0 8.57 0.67 -
Hydrocephalus —0.23 0.47 —-0.23 —0.23 0.47 -0.23 -9.69 0.33 9.36 4.84 343
20 7.5 0.3 0.95 0.88 0.5 17.71 6.0 8.57 0.85 -
Cytotoxic edema -0.19 0.53 —0.34 -0.19 0.53 —-0.34 —8.04 —8.11 8.11 4.02 3.39
20 7.5 0.3 0.95 0.88 0.5 17.71 7.2 8.57 0.85 -
Demyelination -0.19 0.13 0.056 —0.19 0.13 0.06 —0.78 0.10 0.67 9.51 1.46
20 7.5 0.6 0.95 0.88 0.5 18.48 6.0 4.28 0.78 -
Dysmyelination 0.13 0.18 —0.31 0.13 0.18 —0.31 —0.65 —-0.22 0.87 0.32 147
20 7.5 3.0 0.95 0.88 0.5 18.25 6.0 8.57 3 0.8 -

The last column gives the anisotropy for the case considered. Concentrations are with respect to unit molarity of bulk water, lengths are in micrometers, and

diffusion coefficients are in units of 10710m2/s.
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FIGURE 4 Mean diffusion coefficient (ADC) = (2D et + Diesr)/3 as
a function of the myelin sheath radius r; develops from its minimum value of
1. to that allowed by hexagonal close pack. Here, r. = 6 um, Dy, = 2 X
10~°m%s, Cyo = 0.95, D, = 7.5 X 10~ "m?%s, C,, = 0.88, D, = 3 X
107 "'m%s, Cyo = 0.5, L = 18.2 um.

the diffusion coefficient. The diffusion coefficient, by def-
inition, is the mean-square displacement divided by time. In
general, the mean-square displacement and the diffusion
coefficient are time dependent (48). However, if the mean-
square displacement becomes finite at long time, the dif-
fusion coefficient goes to zero upon dividing by time, and
one can no longer assess the attenuation exponent from the
diffusion coefficient (zero).

When the particles inside the axon are trapped by an
impermeable myelin sheath, their mean-square displacement
eventually saturates and the diffusion coefficient goes to
zero. One needs to take this fact explicitly into account when
computing the attenuation of magnetization that depends on
the mean-square displacement. The mean-square displace-
ment has to be computed directly (48) and not via (zero)
diffusion coefficient. For the model considered here, the
attenuation of magnetization has been computed explicitly in
a recent article (49). To characterize water diffusion in brain
white matter, Assaf et al. (49) proposed a framework that
incorporates both hindered and restricted models of water
diffusion and an experimental methodology that embodies

Anisotropy
6
5
4
3
6.5 7.5 8 8.5 g & m

FIGURE 5 Degree of diffusion anisotropy D ¢f/D; of¢ as a function of the
myelin sheath radius r; develops from its minimum value of r. to that
allowed by hexagonal close pack. Here . = 6 um, D, = 2 X 10 "m?s,
Coo = 0.95, D, = 7.5 X 107'"'m’fs, Cop = 0.88, Dy = 3 X 10~ "'m%s,
Cy=0.5,L =182 um.
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0.04

-0.04

FIGURE 6 Angular profile of ADC\ ¢ = Dy efr cos? 6 + D ¢ sin® 0 in
units of Dy, as a function of the polar angle, 6 in a hexagonal close pack. Here
the parameters r. = 7.2 um, ry = 9.77 um, Dy, =2 X 10~°m?/s, Cyo = 0.95,
D. =75 X 107%m?%s, Co = 0.88, Dy, = 3 X 10 "m%s, Cy = 0.5,
L = 17.71 um are chosen to represent cytotoxic edema.

features of diffusion tensor and q-space MRI. They propose
a model of white matter diffusion anisotropy that contains
a hindered extraaxonal compartment, whose diffusion
properties are characterized by an effective diffusion tensor,
and an intraaxonal compartment, whose diffusion properties
are characterized by a restricted model of diffusion within
cylinders. The hindered model primarily explains the
Gaussian signal attenuation behavior observed at low b (or
q) values; the restricted non-Gaussian model does so at high
b (or g).

The full time dependence when the particles are exchange-
able between core and the bath has been investigated in
a simulation by Ford et al. (18), but analytical results are still
not available.

Care must be taken in using the results for diffusion directly
in DTL. It is the mean-square distribution of the accumulated
phase that matters and this depends on the pulse sequence
used. Often the relationship between root mean-square phase
and root mean-square displacement is not straightforward.
For an extremely hard gradient pulse, of strength g and
duration 8, the decay exponent from the restricted axonal fluid
will be time independent ~ ¢*r2, where ¢ = ygd. The free
part of the fluid gives the decay exponent ~g*Degt, where
q = vygd. But when the duration & of the gradient is long
compared to the diffusion time across the core, the usual
motional narrowing arguments that are based on the Gaussian
phase approximation may be invoked and the decay exponent
from the restricted axonal fluid will be 7g ~ y*g*r? /D where
tg is the echo time. These points still need to be fully de-
veloped in the context of DTL.

CONCLUSIONS

Here we have presented a simplified, but self-consistent
modeling framework for predicting the long-time apparent
diffusion coefficients of water parallel and perpendicular to
a ‘“‘pack’ of myelinated axons. Values assumed for white
matter suggest that the orientationally averaged (ADC) and
the diffusion anisotropy ratio are fairly insensitive to intra-
cellular dimensions and diffusion properties, and is primarily
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affected by changes in the outer diameter of the axons, the
extracellular volume fraction, and interaxonal spacing.

The main conclusion of our model is that the low diffusion
coefficient in the myelin sheath makes it a diffusion barrier
for the axonal fluid. In that case, the bath or the extraaxonal
fluid mainly determines the overall diffusion coefficient,
although the concentration factor is affected by the axonal
fluid; ADC and the anisotropy are dominated by the f and
type of packing.

APPENDIX I: HIGHER-ORDER CORRECTIONS
AND MATHEMATICAL DETAILS

This appendix is to fill in the gaps in the text and to show how to compute
more accurate results than those given above.

The chemical potential is expanded in terms of multipoles, as in any
standard electrostatics problem (28). For example,

=Ao+ Y(Ar'+B

1=1

w(r,6) ril)cos 10 r=r,. (26)

There are corresponding expansions in other regions with different coef-
ficients that are eliminated by the use of boundary conditions, Eq. 6, as
worked out by Nicorovici et al. (37,38) and by Perrins et al. (29). If we
denote the products of concentration and diffusion by €, i.e., C5oDs = €, etc.,
we can directly use the previous results (29,37,38) to compute the effective
transverse diffusion coefficient D ¢

B,
D iCeir = DyCio(1 — 27TM) Square

B
- 477—1) Hexagon. 27

V3M

Here, the effective concentration, Ceg, is given by Eq. 7.

Cesr is the volume average of concentrations. In Eq. 27, M is the local
chemical field, where M = My, + M1, the sum of the external field M., and
the ““polarization’” field M,o1. M.y is the applied chemical field, analogous to
the applied electric field of Rayleigh’s problem. M,,;, the depolarization field,
drops out by assuming that the sample has a long needle shape (see below).

Both for hexagonal and square packs, due to symmetry, only the mul-
tipole coefficients By, 1,/ =1, 2,3, ... of odd orders survive. In a hexagonal
packall By =0for2/ —1=3,6,9,..i.e., the multipoles that are multiples
of 3, also vanish (see below). Rayleigh found the recursion relation below
between the coefficients:

- Dbeo( 1

By L' (21 +2m — 3)!
21— Dy, ZIr:II 3 1w521+2m 2Bom_1

= Mex161,1 ) (28)

Ms

where S5;om_» are the lattice sums (28,29,37,38) or the structural constants
that depend on the specific lattice used. These are of the form:

- L 204+2m-2
S21+2m—2 = Z <—> ’ (29)
=1

where {x;, y;} denote the coordinates of center of the j™ cylinder and
i = v/—1. The sum runs over all the cylinders. As noted by Lord Rayleigh
(28), for a square array S, = 7 and Sg = S19 = S14 = ... =0, etc. In hex-
agonal packs (29), on the other hand, S, = 27/ V3. , and only other nonzero
So14+2m—2 have 2/ + 2m — 2 as a multiple of 6, for example, S¢ = —5.86303,
etc.
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The effective diffusion coefficient is given by B, alone in Eq. 27, but its
value is affected by all multipole coefficients By, 1, m =1, 2, ..., N, which
all are functions of composite properties. As in Rayleigh (28) or in
Nicorovici et al. (37,38), by a suitable choice of sample shape, we make
Mpo; = 0 so that M — M. Mey,, in turn, drops out because the ratio B/M
determines the effective diffusion coefficients.

To keep the calculation to a reasonable size, the recursion relation is
generally truncated. This is most conveniently done using the method of
Nicorovici et al. (37,38) using a symmetric matrix w with elements

W2171,2m71 = W[Zl — 17 2m — 1]
(2l + 2m — 3)'SZI+2m 2 (zs
1(2

T A= Vam = 121 — 2)1(2m — 2)!

This equation corresponds to Eq. 21 of Nicorovici et al. (37); we change
the indexing notation slightly making it explicit that Wo;_j o1 = w[2] — 1,
2m — 1] relates By _; and Bj,_;. Matrix W and the diagonal
matrix DY, 5, () = 2 182-12m-1 together define their matrix A =
DN“(y) + W. The effective diffusion coefficient is given by the first element
of A7

)21+2m 2

(30)

Square array

For a square array, Eq. 27 gives (37):

T\2%,, _
Dt,effceff—Dbcbo[l —2n(7) (A )} (3D
which upon simplification becomes:

D.iCer = DyCro[1 — 2f(A™"),,]. (32)

Here f = 7TI‘§ /L? is the fraction of volume occupied by the coated cylin-
ders. To the lowest order in multipolar expansion, we obtain the Maxwell-

Garnett formula by truncating at N = 1 for / = 1, and using vy, as given by
Eq. 8:

2
Dy¢iiCeit = DyCio |:1 - v, f_f] . (33)
A truncation to N = 3 gives:
yl+w(1,1) w(l,3) w(l,5)
A= 3,1) v; +w(3,3) w(3,5)
( 1) w(5,3)  ystw(s,5)
(34)

Using this in Eq. 32 and the known values of structure constants (37,38),
gives

—1

0.305828f "y, )
¥5ys — 1.4029607°

(35)

D otCeip = DyCrp |1 — 2f (’)’1 +f=

As the intercylinder spacing decreases, or the contrast between the products
of D;C; among different components i become disparate, the higher and
higher-order terms become more important. This change can be accommo-
dated easily by making the dimensions of the matrix A larger and larger. For
example, to obtain results to N = 4 one needs to consider:
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v, +w(l, 1) w(l,3)
AN W(371) 73 +W(373)
- w(5,1) w(5,3)
w(7,1) w(7,3)
Hexagonal array
For a hexagonal array (29),
A /r\2,
Dl.effceff - DbeO [1 - 7§(Z) (A 1)11:| 3 (37)

which upon simplification, using

Fe 27Trs2 (38)
= 7\/§L27
gives,
D, eiCer = DyCio[1 — 2f (A1), (39)

which is the same form as Eq. 32, but with completely different structural
constants. To the lowest order in the multipolar expansion, we obtain the
Maxwell-Garnett formula by truncating at N = 1 for / = 1:

_2f] 40
v/l (40)

which is the same as for a square array Eq. 33; and, as before, y; as given by
Eq. 8. The Maxwell-Garnett formula holds for all structures, including for
disordered systems and is accurate for small f. We now consider the higher-
order terms.

We note above (29) that in hexagonal packs terms with only odd
multipoles, except those that are multiples of 3, survive. Apart from
Sy, =2m/ V3, only nonzero S; have / as a multiple of 6, for example, Sg =
—5.86303, etc. In this case, to degree N = 3, we need to consider the inverse of
this matrix:

Dt‘effceff = DbeO {1

v, +w(l, 1) w(l,5) w(l,7)
A~ w(5,1) vs +w(5,5) w(5,7)
w(7,1) w(7,5) v, +w(7,7)

(41)

We emphasize again that for the hexagonal pack, matrix elements, w(2l — 1,
2m — 1), are completely different from the corresponding ones for the cubic
pack. Similarly, all the structure factors Sxpom—» are different in the two
different structures.

0.07542f° v, )
Y5y, — 1.06028 ") |’
42)

D otCeit = DypCrp |1 = 2f (71 +f—

to the same degree of accuracy (N = 3) as before in Eq. 35.

This extends Perrins et al.’s calculation (29) to the case where the
cylinders are coated. In the absence of a sheath, Eq. 24 holds, and we recover
Eq. 13 of Perrins et al.

D, ¢sCesr depends on three quantities: the volume fraction f of myelinated
axons, the sets of geometrical factors {Sy_;}, and the material property
dependent parameter set {7y _;}. Note that the specific properties of axon
core, sheath, etc., appear via the set {7y }. In other words, for a given lattice
the results have the same geometrical or structural factors, the specific form of
Eq. 8 distinguishes one case from another.
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w(3,5) w(3,7)
ys+w(5,5)  w(5,7) (36)
w(7,5) v, +w(7,7)

It is interesting to note that Eq. 18 does depend on 2/ — 1, the order of
dipole. Equation 3 in Latour et al. (33) implies that only the dipolar term / =
1 was kept, which is correct for the Maxwell-Garnett approximation, as
noted above. For [ = 1, Eq. 18 implies that the core diffusion coefficient was
augmented by a term that is proportional to the skin permeability times the
radius of the core region. A similar result applies for a stack of flat
membranes (9) with 7, replaced by intermembrane separation. Higher-order
multipoles become increasingly important as the cylinders begin to touch.
Incorporating the higher-order multipoles requires using the new ‘‘crucial’’
Eq. 18 that is a function of the order 2/ — 1. Neglecting them may be the
cause of the discrepancy reported by Ford (17,18) between the simulated
values (17,18), and the values estimated using the formula of Latour et al.
(33) that sets [ = 1.

We thank David L. Johnson and Eric Sigmund for useful discussions.

A preliminary short version of this work was presented at the 7th
International Conference on Magnetic Resonance in Porous Media, July,
2004, and has appeared in the Proceedings of the MRPM7 Conference in
Journal of Magnetic Resonance Imaging, 2005.

REFERENCES

1. Moseley, M., Y. Cohen, J. Mintorovitch, L. Chileuitt, H. Shimizu, J.
Kucharczyk, M. Wendland, and P. Weinstein. 1990. Early detection of
regional cerebral ischemia in cats: comparison of diffusion and T2
weighted MRI and spectroscopy. Magn. Reson. Med. 14:330-346.

2. Warach, S., J. Gaa, B. Siewert, P. Wielopolski, and R. R. Edelman.
1995. Acute human stroke studied by whole brain echo planar
diffusion-weighted magnetic resonance imaging. Ann. Neurol. 37:231—
241.

3. http://www.ninds.nih.gov/disorders/stroke/detail_stroke_pr.htm. [Online].

4. Basser, P. J., S. Pajevic, C. Pierpaoli, J. Duda, and A. Aldroubi. 2000.
In vivo fiber tractography using DT-MRI data. Magn. Reson. Med. 44:
625-632.

5. Basser, P. J., J. Mattiello, and D. Le Bihan. 1994. MR diffusion tensor
spectroscopy and imaging. Biophys. J. 66:259-267.

6. Le Bihan, D. 1995. Diffusion and Perfusion Magnetic Resonance
Imaging: Application to Functional MRI. D. Le Bihan, editor. Raven
Press, New York, NY.

7. Le Bihan, D. 2003. Looking into the functional architecture of the brain
with diffusion MRI. Nat. Rev. Neurosci. 4:469—480.

8. Alberts, B., D. Bray, J. Lewis, M. Raff, K. Roberts, and P. Walter.
2002. Molecular Biology of the Cell, 3rd Ed. Garland Publishing,
New York, NY.

9. Crick, F. 1970. Diffusion in embryogenesis. Nature. 225:420-422.

10. Nicholson, C. 2001. Diffusion and related transport mechanisms in
brain tissue. Rep. Prog. Phys. 64:815-884.

11. Tuch, D. S., V. J. Wedeen, A. M. Dale, J. S. George, and J. W.
Belliveau. 1999. Conductivity mapping of biological tissue using
diffusion MRI. Ann. N. Y. Acad. Sci. 888:314-316.

12. Sotak, C. H. 2004. Nuclear magnetic resonance (NMR) measurement
of the apparent diffusion coefficient (ADC) of tissue water and its

relationship to cell volume changes in pathological states. Neurochem.
Int. 45:569-582.

Biophysical Journal 89(5) 2927-2938



2938

13.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Norris, D. G. 2001. The effects of microscopic tissue parameters on the
diffusion weighted magnetic resonance imaging experiment. NMR
Biomed. 14:77-93.

. Beaulieu, C. 2002. The basis of anisotropic water diffusion in the

nervous system: a technical review. NMR Biomed. 15:435-455.

. Thelwall, P., S. C. Grant, G. J. Stanisz, and S. J. Blackband. 2002.

Human erythrocyte ghosts: exploring the origins of multiexponential
water diffusion in a model biological tissue with magnetic resonance.
Magn. Reson. Med. 48:649-657.

. Duong, T., J. V. Sehy, D. A. Yablonskiy, B. J. Snider, J. J. H.

Ackerman, and J. J. Neil. 2001. Extracellular apparent diffusion in rat
brain. Magn. Reson. Med. 45:801-810.

Ford, J. C., and D. B. Hackney. 1997. Numerical model for calculation
of apparent diffusion coefficients (ADC) in permeable cylinders—
comparison with measured ADC in spinal cord white matter. Magn.
Reson. Med. 37:387-394.

Ford, J. C., D. B. Hackney, E. Lavi, M. Phillips, and U. Patel. 1998.
Dependence of apparent diffusion coefficients on axonal spacing,
membrane permeability, and diffusion time in spinal cord white matter.
J. Magn. Reson. Imag. 8:775-782.

Szafer, A., J. Zhong, and J. C. Gore. 1995. Theoretical model for water
diffusion in tissues. Magn. Reson. Med. 33:697-712.

Pfeuffer, J., U. Flogel, W. Dreher, and D. Leibfritz. 1998. Restricted
diffusion and exchange of intracellular water: theoretical modelling and
diffusion time dependence of 1H NMR measurements on perfused glial
cells. NMR Biomed. 11:19-31.

Pfeuffer, J., U. Flogel, and D. Leibfritz. 1998. Monitoring of cell
volume and water exchange time in perfused cells by diffusion-
weighted 1H NMR spectroscopy. NMR Biomed. 11:11-18.

Stanisz, G. J. 2003. Diffusion MR in biological systems. Tissue
compartments and exchange. Isr. J. Chem. 43:33-44.

Stanisz, G. J., A. Szafer, G. A. Wright, and R. M. Henkelman. 1997.
An analytical model of restricted diffusion in bovine optic nerve.
Magn. Reson. Med. 37:103-111.

Stanisz, G. J., and R. M. Henkelman. 1998. Diffusional anisotropy of
T2 components in bovine optic nerve. Magn. Reson. Med. 40:405—410.

Jones, C. K., K. P. Whittall, and A. L. MacKay. 2003. Robust myelin
water quantification: averaging vs. spatial filtering. Magn. Reson. Med.
50:206-209.

van der Weerd, L., S. M. Melnikov, F. J. Vergeldt, E. G. Novikov, and
H. Van As. 2002. Modelling of self-diffusion and relaxation time NMR
in multicompartment systems with cylindrical geometry. J. Magn.
Reson. 156:213-221.

Hwang, S. N., C.-L. Chin, F. W. Wehrli, and D. B. Hackney. 2003.
Image-based finite difference model for simulating restricted diffusion.
Magn. Reson. Med. 50:373-382.

Lord Rayleigh. 1892. On the influence of obstacles arranged in rect-
angular order upon the properties of a medium. Philos. Mag. 34:481—
502.

Perrins, W. T., D. R. McKenzie, and R. C. McPhedran. 1979.
Transport properties of regular arrays of cylinders. Proc. R. Soc. Lond.
A. 369:207-225.

Milton, G. W. 2001. Theory of Composites. Cambridge University
Press, New York, NY.

Torquato, S. 2001. Random Heterogeneous Materials: Microstructure
and Macroscopic Properties. Springer-Verlag, New York, NY.
Johnson, D. L., and P. N. Sen. 1981. The multiple scattering of acoustic

waves with application to the index of refraction of 4th sound. Phys.
Rev. B. 24:2486-2496.

Biophysical Journal 89(5) 2927—2938

34.

35.

36.

Sen and Basser

. Latour, L. L., K. Svoboda, P. P. Mitra, and C. H. Sotak. 1994. Time-

dependent diffusion of water in a biological model system. Proc. Natl.
Acad. Sci. USA. 91:1229-1233.

Verkman, A. S. 2000. Water permeability measurement in living cells
and complex tissues. J. Membr. Biol. 173:73-87.

Chin, C. L., F. W. Wehrli, S. N. Hwang, M. Takahashi, and D. B.
Hackney. 2002. Biexponential diffusion attenuation in the rat spinal
cord: computer simulations based on anatomic images of axonal
architecture. Magn. Reson. Med. 47:455-460.

Atkins, P. W. 2001. Physical Chemistry, 7th Ed. W. H. Freeman &
Co., San Francisco, CA..

36a. Kondepudi, D., and I. Prigogine. 1998. Modern Thermodynamics

37.

38.

39.

40.

41.

from Heat Engines to Dissipative Structures. John Wiley and Sons,
New York, NY.

Nicorovici, N. A., R. C. McPhedran, and G. W. Milton. 1993. Trans-
port properties of a three-phase composite material: the square array of
coated cylinders. Proc. R. Soc. Lond. A. 442:599-620.

Nicorovici, N. A., D. R. McKenzie, and R. C. McPhedran. 1995.
Optical resonances of three-phase composites and anomalies in
transmission. Opt. Commun. 117:151-169.

Torquato, S., and M. D. Rintoul. 1995. Effect of the interface on the
properties of composite media. Phys. Rev. Lett. 75:4067-4070.

Mair, R. W., M. D. Hiirlimann, P. N. Sen, L. M. Schwartz, S. Patz, and
R. L. Walsworth. 2001. Tortuosity measurement and the effects of
finite pulse widths on xenon gas diffusion NMR studies of porous
media. Magn. Reson. Imaging. 19:345-351.

Boss, B. D., and E. O. Stejskal. 1965. Anisotropic diffusion in hydrated
vermiculite. J. Chem. Phys. 43:1068—1069.

41la. Boss, B. D., and E. O. Stejskal. 1968. Restricted, anisotropic diffusion

42.

44,

45.

46.

47.

48.

49.

and anisotropic nuclear spin relaxation of protons in hydrated
vermiculite. J. Colloid Interface Sci. 26:271-275.
Nye, J. F. 1964. Physical Properties Of Crystals: Their Representation
By Tensor And Matrices. Oxford University Press, New York, NY.

. Neil, J. J., S. I. Shiran, R. C. McKinstry, G. L. Schefft, A. Z. Snyder,

C. R. Almli, E. Akbudak, J. A. Aronovitz, J. P. Miller, B. C. Lee, and
T. E. Conturo. 1998. Normal brain in human newborns: apparent
diffusion coefficient and diffusion anisotropy measured by using
diffusion tensor MR imaging. Radiology. 209:57-66.

Neil, J. J., J. Miller, P. Mukherjee, and P. S. Huppi. 2002. Diffusion
tensor imaging of normal and injured developing human brain: a
technical review. NMR Biomed. 15:543-552.

Baratti, C., A. Barnett, and C. Pierpaoli. 1997. Comparative MRI study
of brain maturation using T1, T2, and the diffusion tensor. Presented at
5th ISMRM. Vancouver, British Columbia, Canada.

Rushton, W. A. H. 1951. A theory of the effects of fibre size in medul-
lated nerve. J. Physiol. (Lond.). 115:101-122.

Miranda, P. C., M. Hallett, and P. J. Basser. 2003. The electric field
induced in the brain by magnetic stimulation: a 3-D finite element
analysis of the effect of tissue heterogeneity and anisotropy. [EEE
Trans. Biomed. Eng. 50:1074-1085.

Sen, P. N. 2004. Time-dependent diffusion coefficient as a probe of
geometry. Concepts Magn. Reson. 23A:1-21.

Assaf, Y., R. Z. Freidlin, G. K. Rohde, and P. J. Basser. 2004. A new
modeling and experimental framework to characterize hindered and

restricted water diffusion in brain white matter. Magn. Reson. Med. 52:
965-978.



